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Abstract 
We have isolated and sequenced human genomic DNA clones encoding the Ras-related GTP-binding protein, Rad. The gene spans 
3.75 kb and consists of five exons and four introns. Translation initiates from the first of two in-frame methionine residues in the second 
exon. Several potential transcription cis-elements were revealed throughout the 1.7 kb 5'-flanking region, including 'E box' and CArG 
binding sites for regulators of transcription i muscle. 
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Members of the Ras superfamily of GTP-binding pro- 
teins have been implicated in a wide variety of cellular 
functions, including cell proliferation and differentiation 
[1], intracellular trafficking and transport [2] and cyto- 
skeletal control [3]. Our laboratory recently identified a 
new member of the Ras GTPase family, cloned on the 
basis of its overexpression i  the skeletal muscle of Type 
II diabetic humans, which we termed Rad [4]. Subse- 
quently, two highly-related proteins which exhibit about 
60% identity to Rad have been identified: Gem, cloned 
from mitogen-activated T lymphocytes [5], and Kir, cloned 
from transformed B lymphocytes [6]. Thus, Rad is the first 
member of a new family of ras-related proteins. Here, we 
report the isolation of the human gene encoding Rad, its 
exon-intron structure and its nucleotide sequence. 
An EMBL 3A human genomic DNA library (kindly 
provided by Dr. S. Orkin, Children's Hospital, Boston, 
MA) was screened using either full-length rad cDNA or a 
fragment isolated from the 5'-end of rad cDNA as a probe. 
After screening approx. 40000 plaques, ten positive clones 
were identified and purified. Restriction analysis of the 
positive clones showed that nine of the clones carried 
identical 12 kb inserts (hrad2 in Fig. 1), while one clone 
contained an insert of ~ 17 kb (hradl in Fig. 1). Relevant 
• Corresponding author. Fax: + 1 (617) 7322593. 
i The sequence data reported in this paper have been submitted to the 
EMBL/GenBank Data Libraries under the accession umber U46165. 
fragments of these positive clones were subcloned into 
pBluescript and analyzed by DNA sequencing. The entire 
protein coding region of the rad gene, as well as 391 bp of 
3' untranslated region was present in these clones, but both 
positive clones lacked sequences found at the Y-end of the 
transcript [4]. 
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Fig. 1. A schematic representation f the human rad gene. Two genomic 
clones isolated from a human EMBL 3A genomic library are shown at 
the top, as well as the Sacl-Notl fragment from the PI genomic lone 
(see text for details). Below the clones is a structural diagram of the rad 
gene, including an enlargement of the rad protein coding region, showing 
the exon-intron structure. Boxes represent exon sequences and lines 
represent intron sequences. The translational start and stop codons are 
indicated. R = EcoRI, B = BamHI, N = NotI, C = NcoI, S = SacI, X = 
Xmn I. 
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To ensure that the structure of the 5'-end of the tran- 
script was accurate, new rad cDNA clones were isolated 
from a human cardiac muscle cDNA library (kindly pro- 
vided by Dr. L. Kunkel, Children's Hospital, Boston, MA) 
screened using a 527 bp BamHI-NcoI fragment isolated 
from the 5'-end of the skeletal muscle Rad cDNA as a 
probe. After screening ~ 10 6 clones, six positive clones 
were isolated, with inserts ranging from 1.2 to 2.2 kb. The 
inserts were removed by digestion with EcoRI, purified on 
an agarose gel, subcloned into pBluescript and sequenced 
from both ends. All six contained rad sequences identical 
to rad isolated from human skeletal muscle [4]. Two clones 
that extended the furthest in the 5' direction ended at the 
same place as the original cDNA clone isolated from the 
skeletal muscle library [4], indicating that these three are 
indeed full length rad clones. 
We then obtained an 80 kb genomic clone containing 
the rad gene, identified by screening of a human foreskin 
fibroblast PI library (DMPC-HFF#1; DuPont-Merck) by 
PCR amplification using Rad specific primers (Genome 
System, St. Louis, MO). Sequence information from the 
5'-end of the rad gene was obtained by subcloning a 2.2 kb 
-1719 AGCTCAGATG CCAGAGGGAA CCAGCCCTCC TTCTTTGCAT GCCCCCCTGC TGGGAAGGCC 
-1659 NACAGCTACC CGCCACCTTC GCCCTCTGCA AGACACCCAG AGGAGGCTCT TTCCAGTGGC 
-1599 ACAGTCATGG GGTTGGAGGG GGCACAGNCA GCCCAGCCAG GATTCCTCAT GGGAAGTGTG 
-1539 TGGTGCCTCT TTAGACTTGC CTGCTAACGG GAGNCTCTGC CCATAACTTC CTCTTCCCAC 
-1479 TGGAGTTCGT TCAGGAAGCC AGAACCAGCA TGGGGATGCT CAGCCCTCCA AGATCCCCTA 
-1419 GGACCATGGG CAGCCCACCC CTCAGCCCAG CTTTTGCCTA CTTTGAAGAC CTCAAGGACA 
-1359 AGAGGGCCCT AATCTTACCG AGCCAGNCCC TCCTCAATCC AAGGCCTTCT TAGGCGTTGC 
-1299 CAAGGAAACT GATGCAGCAG CCAAAGAGCC TGGCCCAGGT CTCCATGACA ACCTACCACA 
-1239 GCCCACCAGG GTCCATCCAT CTG'TGATGTC A¢CTGAGCCC CAAATGGATG CCCTCCCACC 
-1179 CCCACCACAC TTGTCACAAT CAGATGTCAC AGTCTGATAG CAGGTCCCTG TCACAAAATA 
-1119 CCTCACAGCC TGACCTGCAA CCCTCAGACC CCTGAGAGAT GAGCAGGGAG CTAAGACACT 
-1059 CCTCATGCCT TGACCACACC CTGTGTTTAT GCCCCTTTTG GGTGGGGGCC TGAACCTCCA 
-999 G___~CCTGGAT GTGCCCTGGG TGGCTGGCTC AGCCTACAGC TAGAGGGAAG AAGGGAGACC 
-939 TTGACGACTC GAAGTGCTGC TCCTGCTGGC ATTCAACACC CATTGGCCTG GATTTCCCCA 
-879 ACTCTGGGCA ACTTCCAGTC CA~GAGCAGA ATAACCAGAG CCACGNCCA~ GGCCAGGGCT 
-819 GGGGCAGATT ATTTATTTTT  AGCAGAGTTG CTGGCAGCTG CCTGGTGGGT GCTGGGAGGT 
-759 GGGATGGGGA CTGAGTTTAA TCCCTTCCCT CTTCTGGGCT GGGGTATCCT CCCCAGGGTT 
-699 CAAGCAGGCA TCTCCACCTG CAACTCTGTC AGAGCTGCCC CCACCCCCAA CACCCTCTCA 
-639 GGGCCTCCAG GGGTCATGGG TGACACAACC CTCACACTCA CCACTGAAGG TTAGGCTCAT 
-579 TAGGGAGAAT CTTCAACTCC AGGATGGGGA GTGGAAAGGA TTTTGTGTGA ATTTAGGACA 
-519 CCCCCTAAAT TCTAGCTCAG CCTGAGCCTA TGGGGAGTGG GTGTCATGGG CAGAGAAGGG 
-459 GGATCTCTGT CCAGCCTGTA ACTAGCTTAC TTGCTAAAAG GACGAGCCGG GACTTGGGGA 
-399 GAGGAAAGGG AGAATTCAGT CTCACGGGGC CAGACCGAAT TCTTCCTCCA GAGGGC~$TT 
-339 ~CTGCTTTTG GCTGATTGGG TTTACCCCGC TGCCTGCCTC CCCATCACGT ACTCCCACCG 
-279 CAACCTCGCT CTCTCTCTCC TTCTCACACA CACCCTCAAG CTCCGGACCT CGCCTAACCG 
-219 GTCAGCCCCT CTATTCCCAG ACAGCTACCG CTACTCCCCT GC-CGGGTAGG GCGGGGTGTC 
-159 GGGGATGTAA GGTCCGAGGA AGAGGGTGGG GGATTCCCCC TGGTGGGGGT GGACAGACAC 
-99 GTCAGCCNCC NCANCAGCGT GGACCGGGGG CGGGAGCGGG GNCGGGTGGA GGCTTAAATA 
-39 AGGCGACTCT GGACCAGAGC CCATGCGGCT GAGAAGGCGG TGGCTGCAGC AGCAGCGGCG 
+22 GCGGAAACCC TAAAGTCCGA GTCCGGACTA CGAGTGCGTG GCCTCCTAAT CCGGATCCTA 
+82 GTCCTGAGCG TGTCTGTGTG CGAGTGGGTG AGTGTCCTGG CGGAGCGGGG TCGGGGCGGC 
+142 TGCAGATGGA TGCGCCAGGT CCGGAGGGGT CCCGGGTGAG GCGCCGCGAC CTGGGGGCTG 
+202 GGAGGGCTGC GGCGGGACCT CGGCCGGAGC ATCCCGCCTG ACTCCGGGTT GGCAGGTGCG 
+262 CCCCGGGTCC CGCCTCCTCG CGGCTTACAC GGCCACTCGG GTTCCTGATC CCCTAGACGG 
+322 TCCCGGACGC GATGACCCTG AACGGCGGCG GCAGCGGAGC GGGCGGGAGC CGCGGTGGGG 
+382 GCCAGGAGCG CGAGCGCCGT CGGGGCAGCA CACCCTGGGG CCCCGCCCCG CCGCTGCACC 
+442 GCCGCAGCAT GCCGGTGGAC GAGCGCGACC TGCAGGCGGC GCTGACCCCG GGTGCCCTGA 
+502 CGGCGGCCGC GGCCGGGACG GGGACCCAGG GTCCCAGGCT GGACTGGCCC GAGGACTCCG 
+562 AGGACTCGCT CAGCTCAGGG GGCAGCGACT CAGACGAGAG CGTTTACAAG GTGCTGCTGC 
G1 
+622 TG$GGGCGCC CGGCGTGGGC AAGAGCGCCC TGGCGCGCAT CTTCGGCGGT GTGGAGGACG 
G2 
+682 $$¢¢TGAAGC AGAGGCAGCA $$TGAGGGGA CCAGCCGTTC AGGGGAGGGG CATCCCGGGG 
+742 CTAGGACTAG GGGCTGAGAC CGGTACTCAA AGCCGCAAAT ACGTTNAATT ATATTGTTGT 
+802 TGTTGTTGTT ATTATTATTA TTATTATTAT TTTATTATTA TTATTTTGAG ACAGAGTTTC 
+862 GCTCTTTTTN CCAGGCTGGA GTGCAGTGGC CTCGATCTAG GCTCACTGCA ACCTCCGCCT 
+922 TCAGGTTTCA AGGGATTCTC CTGCCTCAGC CTCCAGAGTA GCTAGGATTA CAGGCGCCTG 
+982 CTACCACGCC CGGCTAATAT TGTGTTTTTA GTAGAGTTGG GGTTTCACCA TGTTGGCCAG 
+1042 NTGGCTGGAA TTTCTGACCT CGTGATCCGC CCACCACCTT GGCTTCCCAA AGTNCTGGGA 
I I  
Fig. 2. Complete nucleotide sequences of the human rad gene. Exon sequences are underlined. The two in-frame ATGs in the first exon (see text) and the 
translational stop codon are indicated by bold letters. The sequence motifs conserved among low molecular weight GTP-binding proteins (GI-G5) are 
double underlined. Italicized and underlined are potential E boxes (CANNTG) and CArG boxes (CC(A/T)GG) that serve as binding sites for regulators of 
transcription in muscle (see text). The first base of the transcript is designated as + 1. 
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+1102 TTACAGNCGT 
+1162 CATTGCCCTA 
+1222 CAGNCCTTTG 
+1282 GTGGGATGGG 
+1342 TTCTAACCAG 
+1402 GGGTGAAGGT 
+1462 GCCACATACC 
+1522 GAGGGTGTGG 
+1582 GTCTACTGCC 
+1642 GCATCACTCA TGGTCTACGA 
+1702 GGGGAGGGAG GAGTGAGTTG 
+1762 GAGGACTGTT GGGCAGATGT 
+1822 GCCACTGCAT GGCCATGGGG 
+1882 GCTTGGAGAA GGCCTCAGAA 
+1942 TGCCCATCAT CCTCGTGGGC 
+2002 ATGGTGAGTA GGCGGCAGGT 
+2062 TCTTGGCTCA GCTTGAGTCC 
+2122 TNGGGAAATG GGAGAGAGCT 
+2182 GAAAGAACCA AATCTGATAG 
+2242 TCCTGGCCTG GCTGGTTGGG 
+2302 GAGGTCAGAG CTGTGTGCTA 
+2362 ACCCTTCCCA CTTGGNCTCA 
+2422 AACCAGCAGT GATTGGTGAC 
+2482 ATGATATATA ACCTCGAATT 
+2542 TAACGCCTGT AATCCCAGCA 
+2602 TCGAGACCAT CCTGGCTAGC 
+2662 CCGGGCGTGG TGCGGGCGCC 
+2722 CGTGAACCCG GGAGGCGGAG 
+2782 GGAGACAGCG AGACTCTATC 
+2842 CCAACATAGT TCTCATTTTC 
+2902 TCAAATTATT TCAATAAATG 
+2962 CGCAGGACTC TGCCTCAGTA 
+3022 AAATTCTCGA GTGGCAGCTT 
+3082 ACCCTTTGTT TACTGGTGCC 
+3142 GGTCTTTGAC TGCAAGTTCA 
+3202 GTTTGAAGGT GTCGTGCGCC 
+3282 ACGGCAAGCA GGCACCCGGA 
+3342 CCGCATCGTA GCTCGTAACA 
+3402 CGACCTCTCG GTTCTCTAC~G 
+3462 TTGGTGGGCT GGCCCAGCCA 
+3522 CCTCGGAGCT GCCAGCCGGG 
+3582 CCCTGCGAAG TGGCTCTCAG 
+3642 CTCATATGCG TCCCAAGCAG 
+3702 GACTCTGCCT TTTTTCACAG 
+3762 TAGCTACTTG TTTACATGCA 
GACAGCCGCA CCTGGCCAAT ACTGTGGAAT TCTATTGGCN 
CCTACCCACT TCATAAATGG GGAAAGGAAA GGAGAAATCG 
GTAGGAAGAA ATGCCCAGGT AGAAGGCCAG GGCATAGATA 
ACTGGACATC CCTCCCTGCC TATCAGGGAC AGGTCAGTTT 
AGGGATTTCT AAGAGAGGAG CCCTAGGTGG CCAAGGTCCA 
CAGGCACACC ATGCCCTCCA GCCCCCACTT CCCTGCCTGG 
AGCATCTGCA AGTGGAGTGG AGGGTAAAGG AGGGCTCTGG 
CCAGAACAGG AAACCTGGCA GCAGCGGCTT TGACAACCAG 
TTCTGCTAGG GCACACCTAT GATCGCTCCA TTGTAGTGGA 
G3 
CATTTGGGAG CAGGTAGGGT 
GGTTAGAGGT CTGGGAGTGC 
GTGTTGTGTG TTCTCCAGGA 
GATGCCTATG TCATTGTGTA 
CTGCGGGTCC AGCTGCGGCG 
6;4 
AACAAGAGCG ACCTGGTGCG 
TGCAGGGGGA GGAGAGCCCA 
CTGGGGATCA TCAGAGGCTA 
GGTGCCTGCT CACAGGGCTC 
GGGAGCTGGG CACCGCAGGC 
GGGGTAAATG GGTGGAAGAG 
GGTCTGGGCC ATTCTTAGAG 
GCATCCTTTT CTGTGGACCC 
TTGTCTCCGC AACCCCAGTC 
AAATACT AAGTTGTGCC 
CTTTGGGAGG CCGAGGCGGG 
ATGGTGAAAC CCCCATCTCT 
TGTAGTCCCA GCGACTCGGG 
CTTTCAGTGA GCAGAGATTT 
TCAGAAAAAT AAAATAAAAT 
CTGTGTTTAC TACTGTCGTA 
GATCTCCTTT TGAGGGCCAC 
CAGGAGCTGG GGTCTCTGCT 
CCATGGGTGG CCACTGTTGG 
TGCCTTTCCC NACCCACACA 
G5 
TTGAGACATC AGCGGCATTG 
AGATACGCCT GCGCAGGGAC 
GGCGAGAGAG CCTTGGCAAA 
GCCGCAAGAT GGCCTTTCGC 
TCCCACCCGC TCCCACTATG 
ACTGCCCCGG GTGCCTCAGA 
CACCCCCAAC CTCATGGTCA 
GGGCCAGTGA GGGCTGGGCC 
CCGCAGCGCA GCCGCCGGGC 
CCCGGGTGTG CCTGCCCTG~ 
GATTTTTGTA ATAAAGGCTA 
Fig. 2 (continued). 
CTTTCAGAAT 
GGACACCCCC 
TGGCTACTCT 
CTAACAGAGT 
GGGGGGATGT 
CACTGCTGTT 
GGAAGAGTTG 
CTGGTAACCT 
CGGAGAAGAG 
GCAAGCAGAG ACCCAGGGCA 
CAGGCTCGTG TCGGGGGCAT 
CGGGGGCCGC TSGTTGC¢CG 
CTCAGTGACG GACAAGGGCA 
GCACGTGCAA ACA~ATGATG 
CTCTCGTGA$ GTCTC$GTGG 
TCGGCCTCTG ATCCAGGCAG 
AAAATGTTCA GAAAGAAAAC 
CGGAAGGCCC CACAGNTGGG 
CTCCTCCTGC CCCCTCTTGG 
AGTGTAGGGG AACAGGCCAG 
TAGACTTGGC ACTGGGGAAG 
AGTACTGAGN CCCTCAGAGG 
CACTGGATCA TTCATTCATC 
GGGCATGGGC CAGGGGGTCG 
TGGATCACGA GGTCAGGAGA 
ACTAAAAATA CAAAAATTAG 
AGGCTGAGGC AGGAGAATGG 
GGCCACTGCA CTCCAGCCTG 
AAAATAAAAT ACTAAGTTGT 
CTTTGTTTAA ATATCAGGCT 
TGTTTTGGGG GCTCCTTAAA 
GTTTCCGGGG AGGACCTTGC 
AGGGGACTCC TACTTCACCC 
GAGGGCCGGG CCTGCGCGGT 
CACCACAATG TCCAGGCGCT 
AGCAAAGAAG CCAACGCACG 
AAGGCGAAGC GCTTCTTGGG 
GCCAAATCCA AGTCCTGCCA 
GTGGGAGACG AACG~AAGGG 
GCAGGCTCAG ACTCTGGGTC 
TGGACAGATA GACAGTGCTG 
CACAGAGATG CATGCGCAGG 
AGGCCTGCGT GCCGGGAGAG 
AGGGAGGCTC TTCAGTGC~G 
TTTCCTGATA 
l I I  
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SacI-NotI fragment from this P1 clone (Plrad in Fig. 1). 
The complete sequence of the rad gene, including 1719 
bases of 5' untranslated region is presented in Fig. 2. The 
gene consists of five exons and four introns. The first exon 
is untranslated, and the 1.4 kb coding region spans 3.75 kb 
of genomic DNA. The second exon contains two in-frame 
potential translational start codons (in bold type in Fig. 2). 
Although the flanking sequences urrounding the second 
ATG conform slightly better to consensus Kozak se- 
quences [6], immunoprecipitation of Rad from human mus- 
cle tissue revealed a protein larger than would be expected 
from translation from this methionine residue (data not 
shown). To address this issue, we infected mouse C2C12 
myoblast cells with retroviral vectors containing a full 
length rad cDNA with either both potential start codons or 
only the second ATG, prepared protein lysates and im- 
munoprecipitated Rad from these extracts using anti-Rad 
antibody. Immunoprecipitated proteins were isolated by 
SDS-PAGE, immunoblotted with Rad antisera and de- 
tected using ~25I-protein A. Results from this experiment 
indicated that Rad precipitated from cells expressing the 
protein from the second ATG (Fig. 3, lane 4) was smaller 
in size than either endogenous Rad (Fig. 3, lanes 1 and 2), 
whereas Rad protein in cells infected with a vector con- 
taining both in-frame ATGs migrates at the same position 
as endogenous mouse Rad (Fig. 3, lane 3). Furthermore, 
the size difference between Rad precipitated in the two 
overexpressing cell lines is consistent with the difference 
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Fig. 3. The Rad protein initiates from the first of two in-frame potential 
start codons. C2CI2 myoblast cells were infected with retroviral vectors 
containing rad cDNA constructs including both (lane 3) or only the 
second (lane 4) in-frame ATG. Cells were lysed in RIPA buffer contain- 
ing protease and phosphatase inhibitors and Rad was immunprecipitated 
from the lysates, using an antibody raised to a GST-Rad fusion protein 
[8]. SDS-PAGE was perlbrmed, immunoprecipitated proteins were trans- 
ferred to nitrocellulose and detected using Rad antisera nd 125I-protein 
A. Lane 1, longer exposure of lane 2 parental C2C12 cells: lane 2. 
parental C2CI2 cells; lane 3, infection with tad cDNA containing both 
in-frame ATGs; lane 4, infection with rad cDNA containing only the 2nd 
ATG. 
expected by the deletion of the first 39 amino acids. In 
other experiments, it was shown that both endogenous Rad 
immunoprecipitated from C2C12 cells and Rad overex- 
pressed using the full-length construct have identical mo- 
bility to endogenous Rad immunoprecipitated from human 
muscle tissue (data not shown). 
The 5' untranslated region of the rad gene shows some 
interesting features. Like other mammalian ras genes thus 
far characterized [7,9], there is no obvious TATA box or 
CAAT box near the beginning of the transcript. In addi- 
tion, the G-C content is high, especially near the transcrip- 
tional start site. These features are common to those found 
in the regulatory regions of 'housekeeping genes' [10]. 
Since the highest levels of expression of the rad gene are 
in cardiac and skeletal muscle [4], it is interesting to note 
that several potential binding sites for transcription factors 
important in muscle development are found in the 5' 
portion of the rad gene (italicized sequences in Fig. 2). 
There are 8 potential 'E box' sequences (CANNTG), 
which could serve as binding sites for the HLH family of 
transcription factors, including MyoD, myogenin, myf5 
and MRF4 [11,12] and 12 potential CArG boxes 
(CC(A/T)GG), which serve as binding sites for both 
positive and negative regulators in cardiac and skeletal 
muscle development [11]. 
All mammalian ras genes thus far characterized have 
similar structures. All contain four coding exons, with the 
exception of K-ras-2 which has five exons, the last of 
which is alternatively spliced leaving only four exons in 
the mature transcript [7], and an untranslated exon located 
5' to the translation initiation site. The exon-intron struc- 
ture of the human rad gene is consistent with this finding. 
The locus of the human rad gene is comparatively small, at 
3.75 kb. Ras genes can range up to 50 kb in size; the 
determining factor seems to be the size of the intron 
between the untranslated and first coding exons, which can 
vary greatly in size [7]. The only ras-related gene thus far 
characterized is the murine rab3A gene [9], and the struc- 
ture is very similar to that of rad. Like rad, the non-coding 
exon of rab3A is small (150 bp, compared to 106 bp in 
rad). Furthermore, unlike many ras genes which have 
in-frame start codons in the untranslated exon, neither the 
rad gene or the rab3A gene contain such a feature. In both 
genes, translation initiates from the first in-frame ATG (9, 
this report). The relative localizations of the four con- 
served GTP-binding consensus equence motifs of Rad is 
similar to that of the rab3A gene, with each of the four 
coding exons containing one of the major conserved mo- 
tifs, G l, G3, G4 and G5 (9 and Fig. 2). Unlike Rab3A, the 
effector-binding region which varies considerably among 
Ras-related GTPases and is termed G2, spans both exons 2 
and 3 of the tad gene. Thus, the organization of coding 
sequence into exons is conserved among the tad and rab3A 
gene, but not the ras gene, possibly indicative of evolution- 
ary divergence [8,9]. 
In summary, we have isolated the gene encoding the 
first member of a new family of Ras-related GTPases. It 
will be interesting to see if the genes encoding highly 
related proteins (Gem and Kit) share structural similarities 
with the tad gene. The isolation of this gene will also be 
used to further our studies into the function of Rad by 
using it to construct transgenic animals. 
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